Pericytes are periendothelial mesenchymal cells residing within the microvasculature. Skeletal muscle and cardiac pericytes are now recognized to fulfill an increasing number of functions in normal tissue homeostasis, including contributing to microvascular function by maintaining vessel stability and regulating capillary flow. In the setting of muscle injury, pericytes contribute to a regenerative microenvironment through release of trophic factors and by modulating local immune responses. In skeletal muscle, pericytes also directly enhance tissue healing by differentiating into myofibers. Conversely, pericytes have also been implicated in the development of disease states, including fibrosis, heterotopic ossication and calcification, atherosclerosis, and tumor angiogenesis. Despite increased recognition of pericyte heterogeneity, it is not yet clear whether specific subsets of pericytes are responsible for individual functions in skeletal and cardiac muscle homeostasis and disease.
Introduction
Pericytes are perivascular cells that are found in abundance in all vascularized organs where they regulate numerous functions, including vessel growth, permeability, and contractility (Cappellari & Cossu, 2013) . In skeletal muscle, pericytes appear to play additional roles in tissue regeneration, including differentiation into myofibers (Dellavalle et al., 2007) . Pericytes are however also implicated in the development of fibrosis, heterotopic ossification, atherosclerosis, and tumor angiogenesis, diseases that represent some of the most frequent causes of morbidity and mortality in the western world (Collett & Canfield, 2005; Fang & Salven, 2011; Henderson et al., 2013; Matthews et al., 2016) . Despite these critical roles in tissue physiology and disease, relatively little is known about skeletal muscle and cardiac pericytes (Armulik et al., 2011) . The key barrier to our understanding of pericytes is the lack of truly specific markers and thus a lack of consensus on pericyte identity. With increasing recognition of pericyte heterogeneity, it is not yet clear whether subsets of pericytes are responsible for individual pericyte functions. Approaches that combine genetic lineage tracing, anatomical location, and expression of surface markers have facilitated an improved understanding of pericyte roles in health and disease. In this review, we outline current concepts in anatomy, molecular markers, and developmental origins of skeletal and cardiac muscle pericytes. We report proposed roles of skeletal and cardiac muscle pericytes in organ homeostasis and in the response to muscle injury and disease. Finally, we discuss the potential of pericytes from these organs as therapeutic agents of regeneration and repair.
Pericyte anatomy
Pericytes are periendothelial mesenchymal cells that reside within the microvasculature, sharing a basement membrane with underlying endothelial cells (Armulik et al., 2011) (Fig. 1) . Classically described to be present on capillaries, there is considerable evidence to suggest that pericytes are ubiquitous in higher order vessels such as pre-capillary arterioles, post-capillary venules, and veins while conspicuously absent in the lymphatic vasculature (Campagnolo et al., 2010; Norrmen et al., 2011) . Given their periendothelial distribution, pericytes are frequently confused with vascular smooth muscle cells (vSMCs), which reside in this location on arterioles. In contrast to arteriolar vSMCs, pericytes have a nearly rounded cell body with numerous finger-like projections that extend longitudinally spanning the abluminal surface of several endothelial cells. These primary processes extending along the length of the capillary give rise to secondary processes that run perpendicular to the primary processes, partially encircling the capillary with tips of secondary processes making connections with endothelial cells (Armulik et al., 2005 (Armulik et al., , 2011 . In addition to forming connections with underlying capillary endothelial cells, pericytes connect with endothelial cells in neighboring capillaries with fine processes that traverse the intercapillary space cells (Armulik et al., 2011) . In vitro studies of isolated cardiac pericytes have demonstrated that these cells are also capable of forming connections with other pericytes likely via gap junctional proteins such as connexins (Nees et al., 2012) . Dye transfer studies have demonstrated rapid transfer of dye from pericytes to endothelial cells as well as between adjacent pericytes suggesting that pericytes along with endothelial cells likely form a functional intercommunicating unit in the vasculature (Larson et al., 1987) . In comparison, pericytes do not form robust connections with vascular smooth muscle cells. Although the physiologic significance of pericyte-pericyte and pericyte-endothelial connections are not clear, the functional coupling of pericytes to endothelial cells and not vascular smooth muscle cells likely represents a mechanism for pericyte-mediated regulation of the vasculature independent of vascular smooth muscle cells.
Pericyte density varies between different organs as does the area of the abluminal endothelial surface that they cover (Armulik et al., 2011) . Pericyte density and coverage appears to correlate with endothelial barrier properties (brain N lungs N muscle) (Armulik et al., 2011) , endothelial cell turnover (large turnover equates to less coverage), and orthostatic blood pressure (larger coverage in lower body parts) (Diaz-Flores et al., 2009; Armulik et al., 2011) . The brain is thought to be organ with the greatest density of pericytes with an endothelial cell-pericyte ratio between 1:1 and 3:1 (Sims, 1986; Mathiisen et al., 2010) . By contrast, skeletal muscle vasculature has substantially fewer pericytes covering endothelial cells with an endothelial-pericyte ratio of approximately 100:1 (Diaz-Flores et al., 2009 ). The pericyte content of the cardiac microvasculature is thought to be closer to that of the cerebral vasculature with endothelial-pericyte ratios of 2:1-3:1 (Nees et al., 2012) . It is estimated that there are approximately 3.6 × 10 7 pericytes/cm 3 of left ventricular tissue (Nees et al., 2012) and the number of pericytes exceeds the number of myocytes in unit volume of left ventricular tissue. The cardiac pre-capillary arteriole, capillary, and post-capillary venule, constituting the core microcirculatory unit is thus richly inundated with pericytes with less than 1% of the length of this microcirculatory unit being free of pericytes (Nees et al., 2012) .
Molecular markers
Anatomical and ultrastructural definitions are not useful for isolating pericytes from tissues such as skeletal muscle or heart, and consequently a host of molecular markers have been suggested for identifying these cells (Table 1) (Armulik et al., 2011; Murray et al., 2013) . Widely recognized pericyte markers include platelet-derived growth factor receptor beta (PDGFRβ), NG2 (chondroitin sulfate proteoglycan 4), CD13, alpha smooth muscle actin (αSMA), desmin, and CD146. In skeletal muscle, the expression of alkaline phosphatase by pericytes has been used to distinguish them from Pax7 (paired box protein 7) or MyoD expressing satellite cells, which are frequently in close anatomic apposition (Dellavalle et al., 2011) . In addition, Pax7-positive skeletal muscle satellite cells can be further distinguished from pericytes due to their expression of Nestin and lack of NG2 expression (Birbrair et al., 2011) . Finally, CD34 expression has also been used in the identification and isolation of cardiac pericytes by some groups (Campagnolo et al., 2010; Avolio et al., 2015) . Pericytes are increasingly recognized to share differentiation potential and an immunophenotype with classical culture-derived mesenchymal stem cells (MSCs). Crisan et al. isolated human perivascular cells from multiple organs, including heart, depleted the cells of myogenic, endothelial, or hematopoietic cells and demonstrated multi-lineage long term differentiation capacity into myogenic, adipogenic, chrondrogenic, and osteogenic lineages (Crisan et al., 2008) . These perivascular cells identified by high expression of CD146 and lack of CD34, CD45, and CD56 expression exhibited characteristic markers of pericytes as well as the canonical markers of MSCs such as CD29, CD44, CD73, CD90, CD105, and alkaline phosphatase.
It is important to emphasize that no single molecular marker can be used to unequivocally identify all pericytes and as a result multiple markers are commonly used. Marker expression however may be labile. For instance, in addition to pericytes, αSMA may be robustly expressed in both skeletal muscle and heart myofibroblasts, which may reside in a perivascular distribution, particularly after injury (Uezumi et al., 2011; Christia et al., 2013; Deb & Ubil, 2014) . Thus, solely relying on the expression of αSMA would not yield a pure population of pericytes from these tissues. Similarly, PDGFRβ can be expressed by myofibroblasts in skeletal muscle and a subset of cardiac fibroblasts, while desmin is expressed by cardiac muscle cells (Paulin & Li, 2004) . Therefore, a combinatorial approach, using carefully selected markers, must be adopted for obtaining pure populations of pericytes from a particular organ.
It is increasingly clear that pericytes represent a heterogeneous population with identifiable subsets when characterized beyond a population level (Birbrair et al., 2013a) . For instance, pericytes localized on venules express desmin and αSMA, whereas those on capillaries express desmin but are usually negative for αSMA pericytes are not (Birbrair et al., 2014c) . Although both populations can form smooth muscle cells in culture, only type 2 pericytes are neurogenic (Birbrair et al., 2013a (Birbrair et al., , 2013c . Our understanding of pericyte subsets and their functional roles however remains limited and as more cell surface markers are identified more pericyte subsets with divergent functional capabilities can be expected to be found.
Developmental origins
The developmental origins of pericytes are not entirely clear. In embryogenesis, pericytes derive from the lateral (splanchopleura) and the paraxial mesoderm (somites) (Armulik et al., 2011; Cappellari & Cossu, 2013) . Pericytes originating from several developmental origins may be contained within a single mosaic vessel (Cheung et al., 2012) . Pericytes of the head, thymus, and aortic outflow tract likely derive from the neural crest (Bergwerff et al., 1998) , whereas the origins of pericytes from the gut and viscera have been mapped to the mesothelium (Wilm et al., 2005; Que et al., 2008; Asahina et al., 2011) .
Several developmental sources of skeletal muscle pericytes have been proposed. Vessel associated mesodermal myogenic ancestors identified in the dorsal aorta of murine embryos co-express pericyte (αSMA), endothelial (CD31, VE-Cadherin, CD31), and early myogenic markers (M-cadherin, MyoD, Myf5, c-Met, and desmin) (De Angelis et al., 1999) . Somite-derived precursors in the dermomyotome are induced to a myogenic or vasculogenic fate by reciprocal suppression of Pax3 and Foxc2 in a Notch-dependent manner (Lagha et al., 2009; Mayeuf-Louchart et al., 2014) . In addition, endothelial cells may undergo so-called endothelial-to-mesenchymal transition, repopulating skeletal muscle with perivascular mesodermal precursors (Medici et al., 2010) . Finally, neonatal skeletal muscle myoblasts have been shown 87-99 (2012) . 4. Avolio, E., Meloni, M., Spencer, H. L., Riu, F., Katare, R., Mangialardi, G., Oikawa, A., Rodriguez-Arabaolaza, I., Dang, Z., Mitchell, K., Reni, C., Alvino, V. V., Rowlinson, J., Livi, U., Cesselli, D., Angelini, G., Emanueli, C., Beltrami, A. P., & Madeddu, P. (2015) . Combined intramyocardial delivery of human pericytes and cardiac stem cells additively improves the healing of mouse infarcted hearts through stimulation of vascular and muscular repair. to re-adopt pericyte features when pre-treated with PDGF-BB and Delta like ligand 4 (Dll4) (Cappellari et al., 2013) . Cardiac pericytes are thought to derive from the epicardium, a single layer of flattened epithelial cells that surrounds the outer layer of the myocardium (Mikawa & Gourdie, 1996) . During cardiac development, epicardial cells undergo epithelial to mesenchymal transition (EMT) and generate mesenchymal cells that subsequently invade the developing myocardium and give rise to cardiac fibroblasts, pericytes, and coronary vascular smooth muscle cells. Quail chick chimera experiments, where labeled epicardial cells were implanted into the pericardial space of chicks, demonstrated the ability of epicardial cells to give rise to pericytes (Mikawa & Gourdie, 1996; Dettman et al., 1998; Wessels & Perez-Pomares, 2004) . Subsequent fate-mapping experiments utilizing genetically labeled epicardial cells have also confirmed epicardial cells as precursors of pericytes (Cai et al., 2008) . However, much remains to be elucidated on the mechanism by which epicardial progenitors are programmed to give rise to pericytes as opposed to fibroblasts or coronary smooth muscle cells.
Irrespective of anatomical location, endothelial cells are thought to be the critical regulators of pericyte recruitment, primarily through PDGF-BB/PDGFRβ signaling (Gaengel et al., 2009 ). Mice deficient in PDGF or PDGFRβ have perinatal lethality secondary to lack of mural cells and vascular instability (Leveen et al., 1994; Soriano, 1994) . The angiopoietin 1 (Ang1)/Tie2 signaling system has also been implicated in pericyte recruitment and vessel stability. The ligand Ang1 is expressed by pericytes and binds to the Tie2 receptor on the endothelial cell augmenting pericyte recruitment and vessel stabilization (Sundberg et al., 2002) . Ang-1 or Tie 2-deficient animals exhibit cardiovascular defects and die in utero secondary to mural cell deficiencies (Suri et al., 1996; Patan, 1998) . Although pericytes do not directly communicate with smooth muscle cells, pericyte precursors have recently been shown to be capable of differentiating into vascular smooth muscle cells in response to Notch signaling (Volz et al., 2015) . Taken together, these observations demonstrate that although cardiac pericytes are derived from epicardial EMT, a complex set of ligandreceptor interactions between the endothelial cell and pericytes/ pericyte precursors orchestrate pericyte recruitment and stabilization of the microvasculature. Finally, pericytes from both skeletal and cardiac muscle are able to proliferate, and therefore, new pericytes can be derived from in vivo expansion of pre-existing pericytes.
Function in muscle development and homeostasis
Pericytes play multiple roles in the homeostasis of skeletal and cardiac muscle, including regulation of microvascular function and angiogenesis. In addition, emerging evidence suggests a central role for pericytes in skeletal muscle formation . Schematica outlining proposed functions/roles of skeletal and cardiac muscle pericytes in homeostasis and injury/disease states are outlined in Figs. 2 and 3 .
One of the key functions of pericytes in both skeletal and cardiac muscle is in the modulation of angiogenesis (Amselgruber et al., 1999) through the promotion of endothelial cell survival and migration (Raza et al., 2010) . During the development of new vessels, activated endothelial cells invade the extracellular matrix following a vascular endothelial growth factor (VEGF) gradient and form sprouting vessel tips (Ozerdem & Stallcup, 2003) . Endothelial cells lining these newly established tubes produce PDGF-BB, which recruits pericytes through the binding of their surface PDGFβ receptors (Hellstrom et al., 1999; Bjarnegard et al., 2004) . Recruited pericytes act to stabilize the vessel wall via direct contact or paracrine signaling with endothelial cells inducing their differentiation and growth arrest (Gerhardt & Betsholtz, 2003) . As previously discussed, the interaction of pericyte secreted Angiotensin I on the Tie2 receptor on endothelial cells is critical in the quiescence and maturation of the activated endothelium in newly formed vessels (Uemura et al., 2002 (Birbrair et al., 2014b) . In the central nervous system, pericytes are thought to play a role in regulating permeability across the blood-brain barrier (Armulik et al., 2010; Daneman et al., 2010) . Mice deficient in pericytes or exhibiting decreased pericyte function have increased vascular permeability, presumably secondary to absent interactions of pericytes with endothelial junctions. Pericyte-deficient blood vessels upregulate expression of genes associated with increased vascular permeability such as VEGFA, Fig. 2 . Skeletal muscle pericytes in health and disease. Schematic outlining proposed functions/roles of pericytes in skeletal muscle homeostasis, in the physiological response to injury, and in pathology/disease states.
Ang2, and Adrenomedullin (Armulik et al., 2010; Daneman et al., 2010) . In the heart, it is also likely that pericytes contribute to the maintenance of microvascular function given that loss of pericytes following treatment with the anti-cancer drug sunitinib is associated with microvascular dysfunction. Pericyte loss with sunitinib leads to decreased basal coronary blood flow and impaired coronary flow reserve upon vasodilator challenge (Chintalgattu et al., 2013) . In addition to maintaining microvascular flow, cardiac pericytes may be involved in regulating the shape of blood vessels as loss of pericytes in the cardiac microvasculature was associated with increased tortuosity of blood vessels (Chintalgattu et al., 2013) . Consistent with the role of pericytes in maintaining vascular permeability in the brain, loss of cardiac pericytes resulted in increased interstitial permeability (Chintalgattu et al., 2013) . Little is known about mechanisms maintaining or renewing pericytes in vivo however the PDGF-BB/PDGFRβ pathway likely plays an important role in pericyte maintenance as the toxic effects of the drug sunitinib on cardiac pericyte loss were ameliorated with use of a PDGFR inhibitor (Chintalgattu et al., 2013) .
As pericytes sit in a periendothelial location and can express contractile proteins such as αSMA, it has been long thought that pericytes can regulate blood flow to tissue beds by altering capillary resistance. In the central nervous system, pericytes appear to be capable of altering capillary diameter and blood flow in response to electrical and chemical stimuli (Diaz-Flores et al., 2009) . One study utilizing in vivo two photon microscopy observed that, while pericytes could induce capillary constriction, neural activity mediated enhanced blood flow occurred predominantly at the level of arterioles and not via pericytes (FernandezKlett et al., 2010) . However, the ability of pericytes to constrict capillaries and reduce capillary diameter and flow has been implicated in the "no reflow" phenomenon following cerebral ischemia where pericyte-induced capillary constriction prevents blood flow across capillary beds even following resumption of blood flow in the culprit vessel (O'Farrell & Attwell, 2014) . The ability of pericytes to alter microvascular flow in the skeletal muscle and heart is less clear. Changes in vasomotor tone in the heart are thought to occur in arteries and arterioles enriched in smooth muscle cells that are responsive to neural or circulating vasoactive hormones. The "no reflow" phenomenon is well known to occur in the heart following resumption of flow in the epicardial coronary artery and has been attributed to microvascular dysfunction (O'Farrell & Attwell, 2014). It is thought that such mechanisms of pericyte contraction and constriction of capillary flow that have been demonstrated in the brain could well play a role in the "no-reflow" phenomenon following cardiac ischemic-reperfusion injury as well.
Recent evidence suggests that pericytes in human skeletal muscle proliferate/mobilize in response to exercise-induced angiogenesis with a significant increase in pericyte density, thickness, and endothelial coverage and a concurrent decrease in basement membrane density and thickness in ultrastructural analyses of capillaries in human muscle biopsies (Baum et al., 2015) . Furthermore skeletal muscle pericytes are also considered to be myogenic precursors distinct from satellite cells, themselves thought to be the primary source of postnatal myoblasts (Zammit et al., 2006) . Farup et al. reported that native human muscle pericytes respond to contraction mode-specific resistance exercise and notably decline in number (Farup et al., 2015) . This correlates with concomitant increases of CD90 + and PDGFRα + mesenchymal stem/stromal and Pax7 + satellite cell pools, suggesting the contribution of pericytes to muscle progenitor pool expansion following prolonged resistance training. In addition to the described direct contribution of skeletal muscle pericytes to myogenesis, these cells may also actually stabilize the satellite cell pool within skeletal muscle. Satellite cells are localized under the basal lamina as non-activated cells, adjacent to small capillaries. Skeletal muscle pericytes promote satellite cell quiescence through the secretion of Ang1 and IGF1-dependent activation (Kostallari et al., 2015) . The induced ablation of NG2 + perivascular cells in an experimental mouse model significantly impaired satellite cell quiescence and resulted in a considerable increase in proliferating Pax7 + myogenic progenitor cells (Kostallari et al., 2015) . The capacity for pericytes to regulate the niche of other stem cells both in the skeletal muscle and in the heart, as it has been described and characterized in the bone marrow should be further explored in future studies (Birbrair & Frenette, 2016) .
Role in muscle injury and disease

Response to injury
In young healthy subjects, skeletal muscle is well recognized for its remarkably robust endogenous capacity for repair (Huard et al., 2002) . Fig. 3 . Role of the cardiac pericytes in cardiac physiology and disease. (A) Cardiac pericytes as agents of cardiac cell therapy. When injected into the infarcted heart, they enhance angiogenesis and exert other beneficial effects by paracrine mechanisms. (B) Pericytes contribute directly to cardiac fibrosis after cardiac injury by adopting fibroblast fates. They regulate microvascular stability and potentially contribute to "no reflow" after ischemia-reperfusion injury.
In addition to their repertoire of functions in homeostasis, pericytes adopt further roles in respect to skeletal muscle repair processes, including in neovascularization, release of trophic factors, immunomodulation, and increased myogenic differentiation (Caplan & Correa, 2011) .
Human pericytes in culture have been shown to produce a unique secretome of pro-reparative growth factors, cytokines, chemokines, and microRNAs, which may enhance endogenous repair mechanisms. These factors include VEGF, basic fibroblast growth factor, heparin-binding epidermal growth factor, keratinocyte growth factor, transforming growth factor-β1 (TGFβ1), PDGF, thrombopoietin, Ang1, Ang2, hepatocyte growth factor, stem cell factor, stromal cell-derived factor-1 alpha, and microRNA-132 (Katare et al., 2011 ; C.W. Chen et al., 2013; Avolio et al., 2015) .
In response to injury, pericytes have also been shown to modulate local tissue immune responses via several independent pathways (Armulik et al., 2005) . Human brain pericytes are thought to regulate T-lymphocyte diapedesis through the expression of the vascular endothelial adhesion molecule-1, which interacts with very late antigen-4, its T-cell expressed ligand (Verbeek et al., 1995) . Neural crest-derived pericytes control the release of thymocytes into the circulation through the expression of sphingosine-1-phosphate and its interaction with sphingosine-1-phosphate receptor-1 on newly formed thymocytes (Zachariah & Cyster, 2010) . Moreover, it has been suggested that intercellular adhesion molecule-1 (ICAM1) expression by NG2 + brain pericytes plays an important part in coordinating leukocyte emigration from the vasculature in response to local inflammatory mediators via the upregulation and release of macrophage migration inhibitory factor (MIF) (Stark et al., 2013) . Extravasated leukocytes bound to pericytes are instructed with pattern recognition and motility programs, a process that is prevented through inhibition of MIF. CCAAT/enhancer binding protein delta (C/EBPδ) is also upregulated in brain inflammation and is induced in brain pericytes by interleukin-1β (IL1β). The knockdown of C/EBPδ in cultured brain pericytes enhances the IL1β-induced production of the pro-inflammatory factors ICAM1, IL8, monocyte chemoattractant protein-1 (MCP1), and IL1β and reduced superoxide dismutase-2 and cyclooxygenase-2 (COX2) production (Rustenhoven et al., 2015) . It has therefore been speculated that pericytes, through the induction of C/EBPδ, can play a role in limiting the infiltration of peripheral immune cells in the brain. Muscle pericytes also have high expression of immunoregulatory cytokines and chemokines, including COX2, heme oxygenase 1 (HMOX1), leukemia inhibitory factor (LIF), hypoxia-inducible factor 1 alpha, monocyte chemoattractant protein-1 (MCP1), and IL6 (C.W. Chen et al., 2013) . In an in vitro muscle injury model where pericytes are co-cultured with scratch injured C1C12 mouse myoblast cells in transwells, the activation of the immunomodulatory transcription factor nuclear-factor kappa-B (NF-κB) in pericytes significantly increased over time and correlated with elevated MCP1 secretion (LaBarbera et al., 2015) . Importantly, skeletal muscle pericytes express little-to-no pro-inflammatory cytokines, such as IL1α, tumor necrosis factor alpha (TNFα), and (interferon gamma) IFNγ, even under hypoxic conditions (C.W. Chen et al., 2013) . Lineage tracing studies have indicated that pericytes contribute directly to regenerating myofibers following injury in models of acute injury and in the setting of muscular dystrophies (Dellavalle et al., 2007 (Dellavalle et al., , 2011 . Dellavalle et al. identified a subset of myogenic cells expressing alkaline phosphatase (AP) as well as pericyte markers, including NG2 (Dellavalle et al., 2007) . These pericytes can be sorted from human skeletal muscle and readily differentiate into myotubes both in culture and following transplantation into the skeletal muscle of scid-mdx muscular dystrophy mouse models. Furthermore, by using alpha-sarcoglycan null mouse models and by crossing these with AP-CreERT2 mice, Dellavalle et al. were able to show that endogenous AP + skeletal muscle pericytes significantly contribute to the numbers of regenerating fibers in muscular dystrophy (Dellavalle et al., 2011) . The contribution to myogenesis is enhanced in the setting of acute muscle injury. Interestingly, the pericyte contribution to myofibers varies among different muscles, ranging from b1% (tibialis anterior muscle) to 7% of the fibers (diaphragm) (Dellavalle et al., 2007 (Birbrair et al., 2013b) . Greater investigation of the contribution of pericyte subsets to myogenic regeneration following skeletal muscle injury is warranted to further determine the role of specific pericyte subsets to this process.
Fibrosis
In addition to exhibiting a pro-repair phenotype in skeletal muscle, pericytes have also been implicated in the development of fibrosis, adipogenic differentiation, and heterotopic ossification.
Muscle fibrosis following severe or iterative injury or in the setting of the muscular dystrophies is a major cause of morbidity worldwide (Mann et al., 2011) . Skeletal muscle fibrosis is characterized by the excessive production and deposition of collagenous extracellular matrix by myofibroblasts, compromising myofiber contractility, tissue architecture, and ultimately organ function (Wynn & Ramalingam, 2012; Friedman et al., 2013; Rockey et al., 2015) . Fibrosis secondary to acute skeletal muscle injury results in significant functional impairment and predisposes to further injury (Mann et al., 2011; Uezumi et al., 2014) . At present, the cellular and molecular mechanisms regulating fibrosis in skeletal muscle remain poorly understood and consequently treatment options are severely limited (Leask, 2015) . A number of putative myofibroblast progenitor populations have been implicated in the development of muscle fibrosis, including fibro-adipogenic progenitors (FAPs) and cells expressing Gli1, ADAM12 (Dulauroy et al., 2012) , and PDGFRα (Uezumi et al., 2011) . Intriguingly some of these markers, including ADAM12 and Gli1, are expressed by pericytes raising the prospect of pericyte subpopulations contributing to the myofibroblast progenitor pool (Dulauroy et al., 2012; Greenhalgh et al., 2013; Kramann et al., 2015) .
Dulauroy et al. demonstrated that transient expression of ADAM12 identifies a distinct pro-inflammatory subset of stromal cells that become activated following muscle injury (Dulauroy et al., 2012) . The authors fate-mapped these cells using an inducible, tetracycline transactivator-based system. This involved the generation of triple transgenic mice that expressed tetracycline transactivator under control of the ADAM12 locus, Cre under control of the tetracycline transactivator, and the conditional reporter Rosa26floxSTOP-YFP locus. In these mice, yellow fluorescent protein (YFP) labeling of the progeny of ADAM12 + cells was temporally controlled by the administration of doxycycline to prevent Cre expression. This allowed the separate fate mapping of fetal and adult ADAM12 + cells following cardiotoxin-induced muscle injury.
The genetic strategies employed by the authors, combined with a parabiosis experiment, allowed them to demonstrate that the majority of collagen-producing, αSMA + myofibroblasts that developed following acute dermal or muscle injury were generated from tissue-resident ADAM12 + cells that reside in a perivascular locus and co-express the pericyte marker PDGFRβ. Furthermore, the ablation of ADAM12 + cells in skeletal muscle (using mice that also expressed the human diphtheria toxin receptor under control of the ADAM12 locus) markedly reduced the generation of pro-fibrotic cells and interstitial collagen accumulation. Chronic activation of PDGFRα has also been associated with widespread organ fibrosis, suggesting that PDGFRα + cells may also have a role in skeletal muscle fibrosis (Olson & Soriano, 2009 (Birbrair et al., 2013d) . Unlike skeletal muscle the heart possesses a poor ability to regenerate after injury and following acute myocardial infarction heals predominantly via a fibrotic repair response. Cardiac fibroblasts are activated, form myofibroblasts, and secrete collagen that forms scar tissue to replace dead cardiac muscle (Deb & Ubil, 2014) . Increasingly, it is being recognized that cells in the injured region exhibit plasticity and nonfibroblast cell sources have been shown to generate myofibroblasts in the injured area (Krenning et al., 2010; Ubil et al., 2014) . As pericytes are mesenchymal cells that share some markers with both fibroblasts and MSCs, they have been investigated in the heart for their ability to generate myofibroblasts and contribute to fibrosis. Fate map studies in the kidney and liver suggest that PDGFRβ-expressing cells can contribute to fibrosis (Fabris & Strazzabosco, 2011; Schrimpf & Duffield, 2011) . Birbrair et al. also detected type 1 and type 2 pericytes in the heart and demonstrated that in areas of infarcted myocardium type 1 cells but not type 2 cells increase in numbers after 14 days. Although type 1 cell numbers increased, these cells did not express collagen 1, which was expressed by an unidentified cells type (Birbrair et al., 2014a (Birbrair et al., , 2014c . A more recent study demonstrated that a subset of perivascular cells labeled by the expression of Gli1 (a transcription factor of the sonic hedgehog pathway) served as precursors of myofibroblasts and contributed to fibrosis after injury in multiple organs, the heart included (Kramann et al., 2015) . The authors demonstrated that Gli1 marked a population of perivascular cells that exhibited MSC like properties, were able to undergo tri-lineage differentiation and were a subpopulation of PDGFRβ expressing interstitial cells. In a model of cardiac fibrosis induced by the infusion of angiotensin II, the authors noted that Gli1 labeled perivascular cells expressed αSMA and adopted myofibroblast fates. Collagen-rich areas were full of Gli1 labeled cells, and after acute myocardial injury, 60% of myofibroblasts in the injured region were shown to be derived from Gli1 cells (Kramann et al., 2015) . Using a cell-specific ablative approach where Gli1 cells were targeted with Diphtheria toxin, the authors observed that ablation of these cells was associated with substantial reductions in fibrosis, emphasizing the physiologic role of Gli1 perivascular cells in mediating fibrosis. It is to be noted however that the authors observed that Gli1-expressing cells constituted only a small fraction of PDGFRβ cells and why depletion of a small population of cells led to such marked reduction in fibrosis remains unclear (Kramann et al., 2015) . It is possible that Gli1 + perivascular cells also regulate pro-fibrotic properties of native cardiac fibroblasts and depletion of this subpopulation of pericytes could have affected fibroblast proliferation and repair. The physiologic role of pericytes versus resident cardiac fibroblasts in orchestrating acute and chronic cardiac fibrosis represents an open area of investigation.
Skeletal muscle pericytes and adipogenesis
Pericytes isolated from various tissues, including skeletal muscle, have demonstrated adipogenic differentiation potential in vitro (Crisan et al., 2008) . In the aforementioned study, Birbrair et al. demonstrated that in skeletal muscle adipogenic differentiation potential was restricted to type 1 pericytes, only these pericytes expressed the adipogenic marker PDGFRα, and that unlike type 2 pericytes, type 1 pericytes cannot form muscle cells (Birbrair et al., 2013a) . This pericyte subset may contribute to fat accumulation and infiltration in diseased skeletal muscle in such disorders as obesity, dystrophies, and aging.
Skeletal muscle pericytes and heterotopic ossification
Up to one-third of all patients undergoing hip arthroplasty or who have had a severe long bone fracture develop heterotopic ossification that may result in pain, swelling, and a restricted range of motion (Tippets et al., 2014) . In myositis ossificans progressiva (also known as fibrodysplasia ossificans progressiva), an extremely rare inherited condition, ossification in muscle and connective tissues occurs spontaneously or following injury (Ramirez et al., 2014) . Although the mutation for fibrodysplasia ossificans progressiva is known, this is merely a proximate genetic cause-the cells that respond by forming bone in both acquired and genetic forms of heterotopic ossification are not known. As pre-MSC residents in skeletal muscle with robust osteogenic potential, pericytes have emerged as key suspects (Kan et al., 2013) . Understanding why these progenitors pathologically may manifest their osteogenic potential in this setting could provide valuable insights into future therapies.
Pericytes as potential cellular therapeutic agents
The existence of pericytes in nearly all vascularized organs and their pro-repair potential make them an attractive potential donor source for cell therapy (Chen et al., 2015b) .
Given the observation that pericytes can differentiate readily in vitro into myoblasts in appropriate myogenic conditions, a number of investigators have sought to harness their potential as myogenic precursors for the treatment of skeletal muscle injury. Indeed intramuscular injection of freshly sorted or cultured pericytes derived from human adipose or skeletal muscle regenerated human myofibers efficiently in dystrophic or injured mouse muscle (Xu et al., 2005) . In a study by Dellavalle et al. cells of human origin participated in host muscle regeneration, revealed by detection of human dystrophin-positive and/or human spectrin-positive myofibers (Dellavalle et al., 2007) . Many of these human myofibers co-expressed human lamin A/C, indicating their sole human origin and not intermediate products of cell fusion. Surprisingly, human myofibers were located at regions distant (up to 2 cm) to the implantation site, suggesting active migration of outgrown human myogenic precursors over long distances (Dellavalle et al., 2007) .
The ability of pericytes to enhance myocardial repair has been demonstrated; however, the underlying mechanisms are less clear than those in skeletal muscle. Following the transplantation of CD34 + adventitial pericytes, obtained from human saphenous veins, into infarcted mouse hearts, an improvement in cardiac function was observed alongside a reduction in scar size and an increase in myocardial neovascularization. This response was largely attributed to microRNA-132 secretion by pericytes (Katare et al., 2011) . Studying a different population of CD146
− pericytes obtained from the microvasculature of human skeletal muscle Chen et al. similarly demonstrated significant improvement in cardiac function following injection into acutely infarcted mouse hearts (C.W. Chen et al., 2013) . Injured hearts that received pericytes exhibited significant amelioration in post-injury decline of cardiac pump function, had decreased extent of scarring, decreased inflammation, and augmented angiogenesis. The authors observed that transplanted pericytes homed to perivascular regions in the infarcted heart but gave rise to only minimal new myocytes or endothelial cells. These successful cell therapy studies utilizing pericytes mirror the success and cellular mechanisms of benefit using bone marrow-derived mesenchymal stem cells for cardiac repair (Laflamme & Murry, 2011) . Rather than generating cardiac muscle, bone marrow-derived MSCs exerted salutary effects via paracrine mechanisms (Hodgkinson et al., 2016) . The bioactive factors released by MSC are capable of supporting muscle regeneration through angiogenic and anti-apoptotic effects while their immunomodulatory properties inhibit immunosurveillance of the injured tissues preventing autoimmunity (Nauta & Fibbe, 2007) . Similarly, it is thought that the release of trophic factors is the primary contribution of transplanted pericytes to tissue regeneration, rather than differentiation and engraftment (Chen et al., 2015a; Tawonsawatruk et al., 2016) . In the study by Chen et al., the ability of pericytes to secrete anti-inflammatory cytokines such as IL6 and heme oxygenase 1 could have played a role in decreasing post-injury cardiac inflammation. The capillary density of injured hearts that received pericytes increased by 45% compared to nonpericyte injected injured control hearts and pericytes under hypoxic conditions upregulated expression of VEGF and VEGFR2 and downregulated expression of the anti-angiogenic factor Ang2 (C.W. Chen et al., 2013 (Avolio et al., 2015) . The results of these studies highlight the ability of pericytes to regulate neovascularization and repair in the injured heart via modulation of the angiogenic/anti-angiogenic secretome (C.W. Chen et al., 2013) Several strategies to enhance skeletal muscle regeneration through pericyte-mediated angiogenesis have also been proposed (Beckman et al., 2013) . Human muscle pericytes form tight associations and interactions with endothelial cells in three-dimensional microvascular models in vitro, suggesting that they may be able to directly assist restoration of microvascular networks (C.W. Chen et al., 2013) . Furthermore, purified human pericytes form dual-layered microvascular tubes when co-cultured with endothelial cells in Matrigel plugs (Fig. 4) . CD34 + pericytes from the adventitia also markedly enhance the networkforming capacity of endothelial cells in co-culture, suggesting physical interactions between these two cell types favoring microvascular remodeling and stabilization (Campagnolo et al., 2010) . CD34 + adventitial pericytes and endothelial cells also express complementary components of the Ang-1/Tie-2 and PDGFRβ/PDGF-BB signaling systems consistent with pericyte-endothelial cell cross-talk (Campagnolo et al., 2010) . Interestingly, muscle pericytes not only promote neoangiogenesis in vitro but also contribute to the pruning of excessive/immature microvessels via CXCR3-induced involution of endothelial cells resulting in the inhibition of microvessel formation and induction of microvessel dissociation (Bodnar et al., 2013) . In addition, pericyte-endothelial cellular interactions in pathological conditions may regulate the recruitment and contribution of pericytes beyond angiogenesis, for example, in mesenchymal activation (W.C. Chen et al., 2013) . Together these results suggest that transplanted pericytes may have therapeutic potential in skeletal muscle, via direct pericyte-endothelial cell interactions, in the promotion of mature revascularization at the microvascular level. In summary, recent evidence indicates robust skeletal myogenic, angiogenic, and paracrine properties of pericytes ex vivo that contribute to the repair and regeneration of experimental muscle injury. As such, pericytes should be considered one of the prime adult precursor cell candidates for therapeutic muscle repair. It should be noted however that pericytes are a heterogeneous population and questions about the organ of choice for harvesting pericytes as well as selection strategies for harvesting optimal subsets of pericytes will first need to be addressed to determine the future of pericytes as safe and effective agents for cardiac cell therapy (Caplice & Deb, 2004) .
Concluding remarks
Pericytes play critical roles in the homeostasis and response to injury of both skeletal and cardiac muscle. Recent studies support unique functions for pericyte subsets that may enable new therapeutic strategies. Further efforts must be made to characterize specific markers for pericyte subpopulations to better establish their roles in health and disease. Pericytes exhibit multiple characteristics and functions that make them attractive potential agents for skeletal and cardiac tissue regeneration. However, they have also been shown to contribute to fibrosis, heterotopic ossification, or fat accumulation and thus their application must be based on sound scientific understanding.
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